Sensory Inputs to Intercalated Cells Provide Fear-Learning Modulated Inhibition to the Basolateral Amygdala  by Asede, Douglas et al.
ArticleSensory Inputs to Intercalated Cells Provide Fear-
Learning Modulated Inhibition to the Basolateral
AmygdalaHighlightsd Amygdala medial paracapsular cells (mpITCs) receive
sensory stimulus-related inputs
d mpITC sensory inputs are modified by fear learning
d mpITCs are reciprocally connected with and control BLA
projection neuron activity
d mpITCs provide sensory-driven feedforward and feedback
inhibition to the BLAAsede et al., 2015, Neuron 86, 541–554
April 22, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.neuron.2015.03.008Authors
Douglas Asede, Daniel Bosch, ...,
Francesco Ferraguti, Ingrid Ehrlich
Correspondence
ingrid.ehrlich@uni-tuebingen.de
In Brief
Asede et al. show that medial
paracapsular intercalated cells (mpITCs)
in the amygdala receive fear learning-
modulated sensory inputs and provide
feedforward and feedback inhibition to
basolateral projection neurons. This
places mpITCs in a key position to gate
acquired fear behavior.
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Increasing evidence suggests that parallel plastic
processes in the amygdala involve inhibitory ele-
ments to control fear and extinction memory.
GABAergic medial paracapsular intercalated cells
(mpITCs) are thought to relay activity frombasolateral
nucleus (BLA) and prefrontal cortex to inhibit cen-
tral amygdala output during suppression of fear.
Recently, projection diversity and differential behav-
ioral activation of mpITCs in distinct fear states sug-
gest additional functions. Here, we show thatmpITCs
receive convergent sensory thalamic and cortical
inputs that undergo fear learning-related changes
and are dynamically modulated via presynaptic
GABAB receptors recruited by GABA released from
the mpITC network. Among mpITCs, we identify
cells that inhibit but are also mutually activated by
BLA principal neurons. Thus, mpITCs take part in
fear learning-modulated feedforward and feedback
inhibitory circuits to simultaneously control amyg-
dala input and output nuclei. Our findings place
mpITCs in a unique position to gate acquired amyg-
dala-dependent behaviors via their direct sensory
inputs.
INTRODUCTION
The amygdala plays a critical role in mediating fear and anxiety-
related behaviors and is a key site for acquisition and storage of
fear memory (Davis, 2000; LeDoux, 2000). Plasticity of sensory
inputs from thalamic and cortical areas to projection neurons in
the lateral part (LA) of the basolateral amygdala (BLA) is an
important mechanism underlying Pavlovian fear conditioning
and contributes to formation of the association between condi-
tioned (CS) and unconditioned stimuli (US) (Pape and Pare,2010). According to the serial circuit model of amygdala function,
associative information is conveyed from the LA, following
internuclear excitatory projections via the basal and basomedial
nuclei to the medial division of the central amygdala (CeM) to
generate fear output (Maren, 2005; Moscarello and LeDoux,
2013). Such a model of passive information transfer is chal-
lenged by growing evidence that BLA and central amygdala
(CeA) canmediate either independent parallel or additional asso-
ciative functions in aversive conditioning (Balleine and Killcross,
2006; Jimenez andMaren, 2009; Moscarello and LeDoux, 2013).
For example, fear-related synaptic and cellular plasticity is
observed in the lateral part of the CeA (CeL), but the role of spe-
cific afferent pathways is incompletely understood (Ciocchi
et al., 2010; Haubensak et al., 2010; Li et al., 2013; Wilensky
et al., 2006).
Another emerging principle is that plasticity of inhibitory
synapses and interneurons in the amygdala controls acquired
fear (Ehrlich et al., 2009). On one hand, regulation of inhibition
within the BLA and of specific inhibitory synapses onto BLA
principal neurons (PNs) has been implicated in the behavioral
suppression of fear following extinction learning (Chhatwal
et al., 2005; Trouche et al., 2013). On the other hand, activity
of local GABAergic neurons may be regulated by plasticity of
their excitatory inputs, both in BLA (Bauer and LeDoux,
2004; Mahanty and Sah, 1998; Polepalli et al., 2010) and CeL
(Fu and Shinnick-Gallagher, 2005; Li et al., 2013; Samson
and Pare´, 2005). Furthermore, a recent study showed that
specific local interneurons within the BLA are differentially re-
cruited during CS-US associations, mediating inhibition and
disinhibition of distinct subcellular domains to control fear
learning (Wolff et al., 2014). Thus, multiple plastic systems,
and especially those integrating GABAergic neurons, could
act in concert to encode aspects of stimulus associations in
the amygdala.
An amygdala inhibitory system with unique properties are
the intercalated cells (ITCs), a network of interconnected
GABAergic neurons organized in distinct clusters surrounding
the BLA (Geracitano et al., 2007; Millhouse, 1986). Recent
evidence suggests that ITCs located within the intermediateNeuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc. 541
capsule between BLA and CeA (medial paracapsular ITCs
[mpITCs]) may participate in fear and extinction learning and
processing of emotional stimuli (Busti et al., 2011; Palomares-
Castillo et al., 2012). For example, immediate early gene map-
ping demonstrated that mpITCs become activated and are
plastic during high and low fear states, but inputs that drive
this remain to be identified (Busti et al., 2011; Hefner et al.,
2008; Knapska and Maren, 2009). The mpITCs receive excit-
atory inputs from BLA and mainly target more ventrally located
ITCs and the CeA, thus, functioning as an inhibitory gate for
the information flow between BLA and CeA (Busti et al., 2011;
Duvarci and Pare, 2014; Ju¨ngling et al., 2008; Royer et al.,
1999, 2000). During fear extinction, increased activity in the in-
fralimbic medial prefrontal cortex (IL-mPFC) is thought to excite
mpITCs, which in turn would reduce the fear response by
decreasing amygdala output via inhibition of CeM output neu-
rons (Amano et al., 2010; Amir et al., 2011; Sierra-Mercado
et al., 2011). However, dorsal and ventral mpITCs receive mod-
erate to few projections from the IL-mPFC (Dobi et al., 2013;
Mcdonald et al., 1996; Pinard et al., 2012), which are not plastic
upon extinction learning (Cho et al., 2013).
An important role for mpITCs in fear extinction is supported
by several findings: first, their ablation attenuated extinction
retrieval (Likhtik et al., 2008). Second, increasing their BLA input
by neuropeptide S (NPS) enhanced extinction learning and
retrieval (Ju¨ngling et al., 2008). Third, BLA inputs to ventral
mpITCs were enhanced by extinction training (Amano et al.,
2010). In contrast, a recent study demonstrated that BLA inputs
to mpITCs are potentiated upon fear learning and reduced to
control levels upon extinction training (Huang et al., 2014). These
apparently conflicting results can be reconciled taking into ac-
count a preferential topographic connectivity of dorsal versus
ventral mpITCs with LA and BA as their major input and CeL
and CeM as their major output (Duvarci and Pare, 2014). How-
ever, this cannot completely resolve all observations on plasticity
and activation of mpITCs nor explain differential effects on
amygdala output and fear behavior (Busti et al., 2011; Hefner
et al., 2008). It also does not fully account for other inputs to
mpITCs, the impact of mpITCs on local targets, or their diverse
projections and targets outside of CeM (Amir et al., 2011; Busti
et al., 2011). In this context, it has been proposed that dorsal
mpITCs may drive fear expression by disinhibiting CeM via
CeL (Busti et al., 2011).
Based on these emerging complex functions, we speculated
that mpITCs are integrated in parallel plastic pathways within
fear circuits. Here, we aimed to identify and characterize novel
inputs and outputs of the dorsal mpITC network. We show that
mpITCs receive direct and convergent excitatory inputs from
sensory thalamic and temporal cortical regions conveying
CS and US information. These inputs are modified upon fear
learning and retrieval and are dynamically regulated by heterosy-
naptic GABAB receptors recruited by GABA released from the
mpITC network. Interestingly, we find a novel inhibitory projec-
tion of mpITCs that effectively controls the output of BLA PNs
and demonstrate a reciprocal connectivity of mpITCs with BLA
PNs. This indicates that a subgroup of mpITCs provides both
sensory-driven feedforward and feedback inhibitory control to
the BLA.542 Neuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc.RESULTS
mpITCs Receive Convergent Excitatory Inputs from
Sensory Thalamic and Cortical Afferents
Because mpITCs are situated aside the internal and within the
intermediate capsule, we hypothesized that they receive primary
sensory afferents from thalamic and cortical regions conveying
CS and US information to the LA. Tracing experiments revealed
that fibers frommedial geniculatenucleus (MGm)and intralaminar
nuclei (PIN) of the thalamus en route to LA also branch into the
mpITC cluster avoiding the adjacent capsular and lateral part of
CeA (Figures 1A and 1B). Similarly, fibers originating from tempo-
ral cortex (TeA) coursing through intermediate capsule to LA also
appeared to innervate the cluster (Figures 1C and 1D). To confirm
functional innervation of bothmpITCs and LA PNs, we performed
paired recordings. Electrical stimulation of internal (thalamic) and
external capsules (cortical) elicitedmonosynapticexcitatorypost-
synaptic currents (EPSCs) with similar latencies and amplitudes
(Figures1EandS1A–S1C).Thalamic- andcortical-evokedEPSCs
in mpITCs were mediated by AMPA- and NMDA-type glutamate
receptors (Figures S1D–S1G). As previously observed for LA
PNs, we found convergent sensory inputs in most mpITCs (Fig-
ure 1F). Experiments interleaving single pathway and co-stimula-
tion of sensory pathways indicated that co-stimulation resulted in
addition of response amplitudes, strongly suggesting that the two
inputs were independent (Figure 1F).
Sensory Inputs to mpITCs Undergo Fear-Learning
Driven Changes
Sensory inputs onto LA projection neurons undergo bidirectional
plastic changes upon fear and extinction learning that can be
detected in ex vivo recordings (Kim et al., 2007; McKernan and
Shinnick-Gallagher, 1997; Tsvetkov et al., 2002). To examine
whether sensory inputs onto mpITCs are also altered, in experi-
ment 1, we subjected animals to fear conditioning (CS-US pair-
ing) or to CS presentations only. On day 2, conditioned animals
showed CS-evoked freezing, whereas animals in the CS only
group did not (Figures 2A and 2B). Acute brain slices were pre-
pared 30 min later by an experimenter blind to treatment of the
animals to examine presynaptic and postsynaptic properties of
sensory inputs onto mpITCs. When assessing paired pulse ratio
(PPR) as an indirect measure of presynaptic strength, we found
an increased PPR of the AMPA-EPSC in thalamic and cortical
inputs upon fear memory retrieval compared with CS only and
naive groups (Figures 2C and 2D). The increased PPR correlated
with CS-evoked freezing in both pathways (Figures S2A and
S2B), suggesting that fear learning decreased presynaptic
release probability. To assess postsynaptic parameters that
could be a signature of plastic changes, we measured the
AMPA/NMDA ratio (A/N ratio) (Kessels and Malinow, 2009). In
the thalamic pathway, we found a significant decrease in A/N ra-
tio upon fear memory retrieval compared with CS only and naive
groups. Surprisingly, for the cortical input, CS presentations
alone significantly reduced the A/N ratio compared with naive,
but not to the fear memory group (Figures 2E and 2F). Further-
more, postsynaptic alterations correlated with CS-evoked
freezing only in the thalamic pathway, but not in the cortical
one (Figures S2C and S2D).
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Figure 1. mpITCs Receive Convergent In-
puts from Thalamic and Cortical Afferents
(A and B) mpITCs receive projections from sensory
thalamus. (A) Fluoro-ruby injection site in MGm/
PIN. (B1) Labeled fibers enter the amygdala via
internal capsule. (B2) Labeled fibers traverse
mpITC cluster toward LA.
(C and D) mpITCs receive projections from tem-
poral cortex. (C) Fluoro-ruby injection site in tem-
poral cortex (TeA). (D1) Labeled fibers enter the
amygdala via external and intermediate capsule.
(D2) Confocal image of labeled fibers in mpITC
cluster. Scale bars represent 200 mm (A, B1, C, and
D1), 50 mm (B2), 30 mm (D2).
(E) EPSCs (Vh = 70 mV) evoked by electrical
stimulation of internal (thalamic) and external
(cortical) capsule recorded simultaneously in an
mpITC and LA PN. Scale bars represent left,
200 pA, 15 ms; right, 400 pA, 15 ms. Similar EPSC
latencies in mpITCs and LA PNs. Thalamic: mpITC
3.64 ± 0.21 ms, LA PN 3.31 ± 0.25 ms (n = 9 pairs,
p = 0.30); cortical: mpITC 4.48 ± 0.05 ms, LA PN
4.72 ± 0.32 ms (n = 5 pairs, p = 0.48).
(F) Additivity of thalamic (T) and cortical (C) inputs
to mpITCs. EPSCs (Vh = 70 mV) and bar graph
with quantification for each pathway, co-stimula-
tion of the pathways (TC) or obtained by mathe-
matical addition (T+C). T = 49.3% ± 5.9%, C =
56.1% ± 5.7%, TC = 97.6% ± 6.4%, T+C = 100%
(n = 7 cells) normalized to T+C amplitude. TC
versus T+C was not different (p = 1.00). Scale bars
represent 50 pA, 50 ms.Next, we asked whether sensory inputs to mpITCs undergo
rapid changes following fear and extinction learning. Therefore,
in experiment 2, we subjected animals to fear conditioning or
to conditioning and subsequent extinction learning (Figures 2A
and 2B) using an established 2-day extinction protocol (Herry
et al., 2008). Brain slices were obtained 2 hr after training and
in parallel from naive mice. In the thalamic input, the PPR of
AMPA-EPSCs was increased immediately after fear condition-
ing, and this increase was still apparent after extinction training
(Figures 2G and 2H). In the cortical input, there was a trend to-
ward increased PPR upon fear and extinction learning (Figures
2G and 2H). When assessing the A/N ratio, we found a significant
decrease following fear conditioning in the cortical but not the
thalamic input (Figures 2I and 2J). This could be explained by
the fact that CS presentations alone altered the A/N ratio during
conditioning in the cortical input. For the thalamic input, this sug-
gests that changes in A/N ratio occurred in a protracted fashion
and were only observed upon fear memory retrieval.
To directly compare synaptic changes over the course of con-
ditioning, memory retrieval, and extinction learning, we normal-
ized synaptic properties to the respective naive control group in
the two experiments (Figures S2E–S2H). This revealed that the in-
crease in PPR in thalamic and cortical inputs was equally promi-
nent after fear conditioning (day 1), memory retrieval (day 2) and
extinction learning (day 3, Figures S2E and S2F). In contrast, the
A/N ratio increased when comparing fear memory retrieval andextinction groups (Figures S2G and S2H), suggesting additional
postsynaptic changes upon extinction learning. In summary, in
contrast to the LA, sensory inputs ontompITCs exhibited a lasting
decrease in presynaptic and postsynaptic strength upon fear
conditioning and retrieval that was partially reversed following
extinction learning. Thus, sensory inputs to mpITCs are altered
specifically and differentially during opposing behavioral states.
Presynaptic GABAB Receptors Depress Excitatory
Sensory Responses from MGm/PIN and Temporal
Cortex onto mpITCs
MpITCs are interconnected by GABAergic synapses that signal
via GABAA receptors and lack postsynaptic GABAB responses
(Geracitano et al., 2007). We hypothesized that GABA
released upon sensory activation of the mpITC network modu-
lates sensory inputs via presynaptic GABAB and assessed
whether functional GABAB receptors are present on sensory
afferents. The GABAB receptor agonist baclofen induced a
significant depression in EPSC amplitude evoked by electrical
stimulation of thalamic and cortical afferents, which was
completely reversed by co-application of the GABAB receptor
antagonist CGP55845 (Figures S3A–S3C and S3E–S3G). Synap-
tic depression was accompanied by a significant increase in
PPR at an interstimulus interval of 50 ms (Figures S3D and
Figure S3H). Consistent with a presynaptic effect, the size
of the synaptic depression correlated well with the concomitantNeuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc. 543
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increase in PPR (Figures S3I and S3J). This indicates that both
sensory inputs express functional presynaptic GABAB receptors
in a similar fashion (compare Figures S3C and S3G).
To unequivocally identify the source of sensory inputs, we
turned to ex vivo optogenetic activation. Because our tracing ex-
periments suggested that PIN/MGm and temporal cortex inner-
vate mpITCs, we focused on these regions. First, we expressed
ChR2 by rAAV in the PIN/MGm (Figures 3A–3C). Thalamic fibers
were readily seen in acute brain slices, and at 3- to 4-weeks
postinfection, light responses were evoked with properties
resembling those of electrically stimulated EPSCs (Table S1).
Importantly, specific PIN/MGm inputs were also presynaptically
modulated by GABAB receptors (Figures 3D–3F). Revealing the
morphology of recorded mpITCs, we confirmed that they were
typical medium spiny ITCs that received PIN/MGm boutons in
close apposition to dendritic spines (Figure 3C), corroborating
that thalamic inputs target mpITCs.
To identify the origin of cortical inputs, we stimulated ChR2-
expressing fibers after targeted expression in temporal cortex
(TeA; Figure 3G). Labeled fibers from TeA coursed through
external and intermediate capsules, giving off boutons in the
mpITC cluster (Figures 3H and 3I). Light activation reliably
resulted in short latency EPSCs with similar properties to
electrically evoked (Table S1). Like thalamic afferents, specific
temporal cortical inputs were presynaptically modulated by
GABAB receptors (Figures 3J–3L). Optogenetic stimulation of
either input pathway resulted in shorter latency responses than
electrical stimulation, likely due to direct activation of fibers
within the ITC cluster (Table S1). Taken together, our results
demonstrate that defined and specific sensory thalamic and
cortical afferents express functional GABAB heteroreceptors
that can presynaptically depress these inputs.
Interaction between Sensory Inputs Recruits
Modulation by Presynaptic GABAB Receptors
Sensory inputs onto LA PNs and local interneurons express pre-
synaptic GABAB receptors, but their activation by physiologicalFigure 2. Modification of Sensory Inputs to mpITCs upon Fear and Ext
(A) Behavioral training and experimental groups: fear memory (FM), fear conditio
(B) Freezing responses in all groups.Openbars, baseline (bl); closed bars, CS-evok
freezing to blocks of 4 CSs. (Top) FM group (red) but not the CS only group (black
3.8%; FM (n =10, data fromone animal lost): bl 4.2%±2.1%andCS: 56.1%±9.8%
(n = 11): bl 7.7%± 2.9%andCS1-4 55.5%±6.0% (p < 0.001). (Bottom) FC (orange
bl 5.4% ± 4.2% and CS, 54.2% ± 6.1% (p < 0.001); Ext (n = 9, data from two anima
9.4%± 2.5%andCS1-4 40.4%± 4.3% (p < 0.001 versus bl), CS5-8 28.7%± 4.3%
2.0%, CS1-4 40.9% ± 4.7%, CS5-8 23.2% ± 4.3%, CS9-12 16.6% ± 2.6%, CS13
(C–F) Changes in sensory inputs upon fear memory retrieval. (C) Normalized EPS
ulation. Scale bar represents 50ms. (D) PPR increased upon FM retrieval (thalamic
27), Cs only 0.70 ± 0.05 (n = 24), FM 1.13 ± 0.09 (n = 27). Cortical: naive 0.75 ± 0.0
AMPA-EPSCs (Vh = 70 mV) and combined AMPA-NMDA-EPSCs (Vh = +40 mV
decreased upon CS presentation and FM retrieval (thalamic, ANOVA p = 0.002; c
0.66 (n = 24), FM 2.36 ± 0.25 (n = 25). Cortical: naive 3.63 ± 0.61 (n = 15), Cs on
(G–J) Changes in sensory inputs upon fear conditioning, but not extinction. (G) No
pulse stimulation. Scale bar represents 50 ms. (H) PPR increased upon FC and Ex
(ANOVA p = 0.06). Thalamic: naive 0.97 ± 0.06 (n = 35), FC 1.26 ± 0.08 (n = 37), Ext
Ext 1.30 ± 0.12 (n = 32). (I) Normalized AMPA-EPSCs (Vh = 70 mV) and comb
represents 50ms. (J) AMPA/NMDA ratio decreased in the cortical pathway upon F
0.36 (n = 28), FC 3.06 ± 0.39 (n = 27), Ext 3.55 ± 0.32 (n = 27). Cortical: naive 3.26
significant post hoc tests in (D, H, F, and J).stimuli was only detected at inputs to PNs, due to differential
GABA accumulation and receptor localization (Pan et al., 2009;
Shaban et al., 2006). In contrast to local interneurons, we hypoth-
esized that heterosynaptic modulation of sensory afferents
occurs within thempITCGABAergic network. We adapted a pre-
viously published priming protocol (Pan et al., 2009) and applied
tetanic stimulation to one of the pathways while assessing the
effect on the other pathway (Figures 4A and 4B). Priming the
thalamic input with cortical tetanic stimulation (CT), or vice versa
(TC), resulted in a significant depression of the EPSC in the
primed input (Figure 4C) that was accompanied by a correlated
increase in the PPR (Figures 4D, S4A, and S4B). This activity-
induced suppression was completely reversible (Figures 4C
and 4D). Next, we sought to confirm that this crosstalk between
inputs was indeed mediated by GABAB receptors. In keeping,
application of the GABAB antagonist CGP55845 during priming
significantly reduced the activity-dependent heterosynaptic
depression and prevented the concomitant change in PPR in
both pathways (Figures 4E–4H). Our data suggest that sensory
inputs onto mpITCs, unlike those onto local BLA interneurons,
are under presynaptic modulatory control by GABAB recep-
tors recruited via GABA released from the mpITC network. This
mechanism can reversibly modulate excitatory input strength
in an activity-dependent manner.
Activation of Sensory Inputs Drives Spike Output of
mpITCs
Since mpITCs are interconnected via inhibitory synapses and
inputs are depressed by GABAB receptors, a key question is
whether sensory inputs can drive mpITC spike output. Thalamic
and cortical stimulation in the presence of intact inhibition
elicited a biphasic excitatory/inhibitory (EPSC/IPSC) response
in mpITCs (Figures 5A–5C). Consistent with the observed high
excitation to inhibition (E/I) ratio, both inputs were able to evoke
spikeswhen stimulus trains were applied (Figures 5C and 5D). To
assess spike output noninvasively, we turned to cell-attached re-
cordings. In keeping with and extending our previous findings,inction Learning
ning (FC), and extinction (Ext).
ed. Day 1: average freezing to last twoCS-presentations; days 2 and3: average
) shows fear responses. Day 1: CS only (n = 9): bl 2.1% ± 1.5% and CS 3.8% ±
(p= 0.001). Day 2:Csonly (n = 9): bl 4.2%±1.4%andCS1-4: 4.1%±1.3%; FM
) andExt groups (blue) acquire and extinguish fear responses. Day 1: FC (n = 13)
ls lost): bl 2.1% ± 1.2% and CS 51.2% ± 9.2% (p = 0.001). Ext day 2 (n = 11): bl
, CS9-12 20.3%± 2.8%, CS13-16 26.1%± 5.7%. Ext day 3 (n = 11): bl 16.7%±
-16 13.8% ± 2.0%. Stars denote reduction in freezing versus CS1-4 on day 2.
Cs (Vh = 70 mV) after thalamic (black) and cortical (gray) paired pulse stim-
, ANOVAp < 0.001; cortical, ANOVA p = 0.006). Thalamic: naive 0.79 ± 0.06 (n =
5 (n = 24), Cs only 0.70 ± 0.05 (n = 25), FM 0.99 ± 0.09 (n = 22). (E) Normalized
) after thalamic stimulation. Scale bar represents 50 ms. (F) AMPA/NMDA ratio
ortical, ANOVA p = 0.002). Thalamic: naive 4.34 ± 0.69 (n = 15), Cs only 4.81 ±
ly 2.22 ± 0.29 (n = 17), FM 1.77 ± 0.23 (n = 19).
rmalized EPSCs (Vh = 70 mV) after thalamic (black) and cortical (gray) paired
t in the thalamic (ANOVA p = 0.006) and showed a trend in the cortical pathway
1.25 ± 0.06 (n = 36). Cortical: naive 0.97 ± 0.08 (n = 27), FC 1.25 ± 0.10 (n = 30),
ined AMPA-NMDA-EPSCs (Vh = +40 mV) after cortical stimulation. Scale bar
C (thalamic: ANOVA p = 0.41, cortical: ANOVA p = 0.02). Thalamic: naive 3.71 ±
± 0.41 (n = 19), FC 1.85 ± 0.26 (n = 20), Ext 2.55 ± 0.31 (n = 20). Stars denote
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Figure 3. Thalamic and Cortical Inputs from MGm/PIN and Temporal Cortex Are Presynaptically Modulated by GABAB Receptors
(A–F) Optogenetically evoked MGm/PIN inputs are modulated by GABAB receptors. (A) Injection sites in MGm/PIN, bregma level is indicated (n = 5 animals). (B)
ChR2-tDimer labeled axons andmpITC labeled during recording. Scale bar represents 50 mm. (C) Confocal image of a dendrite of filledmpITCwith labeled axonal
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and Bac+Cgp. Scale bars represent 40 pA, 50ms. (E) Relative EPSC amplitude changes (n = 9, ANOVA p < 0.001): EPSCswere depressed in Bac (55.5%± 8.1%,
p = 0.002 versus Bsl) and recovered in Bac+Cgp (107.6% ± 13.5%, p < 0.001 versus Bac).
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p = 0.01 versus Bac). Optogenetically evoked temporal cortex inputs are modulated by GABAB receptors. (G) Injection sites in temporal cortex. Bregma level is
indicated (n = 6 animals). (H) ChR2-tDimer labeled axons in a slice used for recording. Scale bar represents 200 mm. (I) Confocal image stack with boutons of
temporal cortical labeled axons in the mpITC cluster. Scale bar represents 30 mm. (J) Optogenetically evoked cortical EPSCs (Vh =70 mV) under Bsl and during
application of Bac and Bac+Cgp. Scale bars represent 40 pA, 50 ms. (K) Relative EPSC amplitude changes (n = 9, ANOVA p < 0.001): EPSCs were depressed in
Bac (39.4% ± 7.8%, p = 0.02 versus Bsl) and recovered in Bac+Cgp (107.0% ± 11.0%, p = 0.01 versus Bac). (L) Relative PPR changes (n = 9, ANOVA p = 0.001):
PPR was enhanced in Bac (184.0% ± 22.5%, p = 0.03 versus Bsl) and reversed in Bac+Cgp (89.4% ± 12.2%, p = 0.02 versus Bac).
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Figure 4. Input Crosstalk Recruits Presynaptic GABABReceptors on
Sensory Afferents
(A and B) Priming experiment (200 Hz, 10 pulses) to examine crosstalk be-
tween thalamic and cortical inputs. Scale bars represent 70 pA, 50 ms; Vh =
70 mV. (A) Thalamic input before, depressed thalamic input with increased
PPR after cortical priming, recovered thalamic input. (B) Cortical input before
depressed cortical input with increased PPR after thalamic priming, recovered
cortical input.
(C) Relative EPSC amplitudes for cortical priming of thalamic (CT, n = 19,
ANOVA p < 0.001) and thalamic priming of cortical input (TC, n = 19, ANOVA
p < 0.001). Thalamic EPSCs were reduced by CT (59.8% ± 6.8%, p < 0.001
versus T) and cortical EPSCs were reduced by TC (45.6% ± 7.7%, p < 0.001
versus C). Both recovered after priming (T, 95.0%± 4.2%, p < 0.001 versus CT;
C, 90.7% ± 5.2%, p = 0.001 versus TC).
(D) Relative PPR for cortical priming of thalamic (CT, n = 19, ANOVA p = 0.001)
and thalamic priming of cortical input (TC, n = 19, ANOVA p = 0.001). PPR was
increased in both cases (CT, 146.4%± 14.5%, p = 0.02 versus T; TC, 156.2%±
18.1%, p = 0.02 versus C) and recovered (T, 111.2% ± 4.4%, p = 0.03 versus
CT; C, 102.3% ± 5.6%, p = 0.03 versus TC).
(E–H) Priming-induced presynaptic crosstalk is mediated by GABAB re-
ceptors. (E and F) EPSCs in priming experiments in absence and presence of
Cgp55845 (Cgp). (E) Thalamic pathway, scale bars represent 35 pA, 50 ms. (F)
Cortical pathway, scale bars represent 70 pA, 50 ms. (G) Relative EPSC am-
plitudes for priming in the absence and presence of Cgp. CT: 62.1% ± 8.5% in
Con versus 82.6% ± 5.3% in Cgp (n = 12, p < 0.05) and TC: 48.2% ± 9.2% in
Con versus 80.8% ± 5.8% in Cgp (n = 12, p < 0.001). (H) Relative PPR forsensory afferent stimulation reliably produced action potential
output that depended on glutamatergic synaptic transmission
(Figure 5E), but spike probability decreased during train stimula-
tion (Figure 5F). To test our hypothesis that GABAB receptors
participate in this process, we determined steady-state spike
probability to the last five stimuli in a train in the absence and
presence of GABAA and GABAB antagonists (Figure 5G). We
found that coapplication of CGP55845 and PTX, versus PTX
alone or control, significantly increased spike probability (Fig-
ure 5H), suggesting that GABAB receptors depressed spike
output during train stimulation. Together, our data show a func-
tional role for GABAB receptors in modulating the efficacy of
mpITC output in response to sensory input.
mpITCs Innervate the BLA
To address which neurons are targeted by mpITCs, we analyzed
projection patterns of recorded cells. As recent data from juve-
nile animals identified diverse projections to local target regions
(Busti et al., 2011; Geracitano et al., 2007), we asked whether in
older animals mpITCs are similarly characterized by complex
efferents. The vast majority of cells showed axonal patterns
consistent with previously published cell types of capsular-, sub-
lenticular-, and CeA-projecting cells (data not shown). Remark-
ably, 15% of filled mpITCs (n = 9 of 60 cells) gave off prominent
axon collaterals into the BLA (Figures 6A–6C and S5A). Recon-
struction of BLA-projecting neurons (n = 6) revealed that a large
fraction of their axonal arbor (about 55%) was located within the
BLA (Figures 6B and 6C). In some cases, axons traversed the
entire BLA and reached the external capsule (Figure S5A). Within
the BLA, mpITC axonal boutons were typically found in close
apposition with CaMKII-positive, but not GFP-positive, profiles
in the neuropil (Figure 6D), suggesting they synapse onto den-
drites of BLA PNs. Occasionally, axons were also seen in close
apposition to the soma of BLA PNs (Figure S5B).
To confirm that mpITCs make functional synapses in BLA
and to identify subcellular target structures, we employed pre-
embedding electronmicroscopy.We found that biocytin-labeled
boutons of mpITCs formed symmetrical synapses, suggesting
that they are GABAergic (Figures 6E and S5C). The vast majority
of synapses were onto small caliber dendrites (18 of 19 synap-
ses, n = 3 cells; Figure 6F), sometimes in close proximity to
spines, whereas one synapse was found on a somatic spine
(Figure S5C). Together, this suggests that mpITCs primarily
innervate dendrites of BLA PNs.
To further corroborate that mpITCs innervate the BLA, we
injected retrograde tracer (retrobeads) into the BLA (Figure S5D)
and determined the fraction of retrobead-labeled ITCs by
confocal imaging and cluster reconstruction (Figures 6G and
6H). Indeed, we found BLA-projecting ITCs within the medial
paracapsular clusters, but as expected also in the lateral (Mar-
owsky et al., 2005) and the ventrally located main ITC clusters
(Figure 6I). Our results indicate that a comparable fraction of
ITCs in each of these clusters projects to a similar target region
within BLA.priming in the absence and presence of Cgp. CT: 137.0% ± 14.4% in Con
versus 93.9% ± 3.2% in Cgp (n = 12, p = 0.01) and TC: 128.1% ± 16.6% in Con
versus 97.6% ± 4.3% in Cgp (n = 12, p < 0.05).
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Figure 5. Sensory Inputs Drive Spike Output
of mpITCs Modulated by GABAB Receptors
(A–F) Sensory inputs evoked biphasic EPSCs/
IPSCs and spike output. (A) Experimental scheme.
(B) Thalamic and cortical EPSC/IPSC sequence
recorded at different holding potentials (90, 70,
50 mV). Dotted line indicates where IPSC
reversal potential was measured. Scale bars
represent 200 pA, 50 ms. (C) Reversal potentials of
IPSCs and EPSC/IPSC ratios were identical in both
inputs (n = 6 each). IPSC reversal potentials:
thalamic 63.6 ± 1.0 mV; cortical 64.5 ± 2.5 mV
(p = 0.76). EPSC/IPSC ratios: thalamic 4.4 ± 1.0;
cortical, 4.6 ± 1.7 (p = 0.91). (D) Spike activity in
whole-cell mode evoked by thalamic and cortical
stimulation (10 Hz). Scale bars represent 20 mV,
100 ms. (E and F) Stimulation of sensory inputs
generated spike output in cell-attached re-
cordings. (E) (Left) Cell-attached spikes (thalamic
stimulation, 10 Hz) were blocked by 10 mM NBQX.
(Right) Expanded spike. Scale bars represent left,
15 pA, 50 ms; right, 15 pA, 1 ms. (F) Average spike
probability for stimulus trains at different fre-
quencies (10, 20, and 40 Hz). Thalamic: n = 13, 14,
and 13; cortical: n = 8, 9, and 9.
(G and H) GABAB receptors modulated spike
output. (H) Thalamic-evoked spikes to last 5 stimuli
(10 Hz) under control conditions, in the presence of
PTX, and PTX+CGP. Scale bars represent 20 pA,
100 ms. (G) Average spike probability was signifi-
cantly reduced by application of PTX+CGP (n = 10).
10 Hz: Con 19.8% ± 5.4%, PTX 42.2% ± 10.1%,
PTX+CGP 63.8% ± 11.7% (Con versus PTX+CGP,
p = 0.009; PTX versus PTX+CGP, p = 0.004). 20Hz:
Con 4.4% ± 1.5%, PTX 12.4% ± 3.3%, PTX+CGP
36.0.8% ± 9.7% (Con versus PTX+CGP, p = 0.02;
PTX versus PTX+CGP, p = 0.02).mpITCs Provide Feedforward Inhibition to BLA PNs and
Control Their Output Activity
To address whether activation of mpITCs functionally inhibits
BLA PNs, we first used restricted aperture stimulation of mpITCs
expressing ChR2-tDimer (Figures S6A and S6B). In the absence
of blockers, this consistently evoked pure inhibitory postsyn-
aptic currents (IPSCs) in BLA PNs that were monosynaptic
based on latency (Figures S6C and S6D). Because we could
not completely rule out recruitment of other adjacent neurons,
we turned to conditional expression of ChR2-YFP in Tac2-Cre
mice (Figure S7A). As expected, ChR2-YFP expression was
restricted to ITCs and a population of Tac2-positive cells in the
CeA (Figures S7B and S7C; compare Mar et al., 2012). Light-
induced spikes were evoked in both infected CeA neurons and
mpITCs (Figures S7D and S7E). Only light activation of the
mpITC cluster, but not of theCeA, consistently resulted in synap-
tic responses in BLA PNs (Figures S7F and S7G). Further
analysis confirmed that synaptic inputs from mpITCs were
monosynaptic IPSCs (Figures 7A–7C).
To assess functional consequences of this inhibitory input, we
used several approaches (Figure 7D). First, we recruited the
mpITC cluster optogenetically in Tac2-Cremice just prior to sub-
threshold stimulation of excitatory thalamic inputs such that the
offset of mpITC activation coincided with input stimulation. This
resulted in a small, but highly significant reduction of EPSPs in LA548 Neuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc.PNs (Figures 7E and 7F). Second, we assessed the effect of
mpITC activation on suprathreshold stimulation of thalamic in-
puts and found a significant reduction in spike probability of LA
PNs (Figures 7F and 7G). Third, because mpITCs can also inner-
vate the soma of BLA PNs, we tested whether mpITC activation
reduces spike probability by somatic current injection and again
found a significant reduction (Figures 7F and 7H). Together, this
provides strong evidence that activation of mpITCs results in
functional inhibition of BLAPNs to effectively control their output.
Because sensory input activity can drive mpITCs spiking and
this in turn inhibits BLA PN output, our data suggest that mpITCs
are part of a sensory-driven feedforward inhibitory network
controlling the BLA.
mpITCs Are Also Part of Feedback Inhibitory Circuits
Controlling BLA
There is ample evidence from electrical stimulation experiments
suggesting that BLA PNs innervate and activate mpITCs
directly (Amano et al., 2010; Ju¨ngling et al., 2008; Royer
et al., 1999). Thus, we hypothesized that BLA-projecting
mpITCs could also provide feedback inhibition to BLA. To
circumvent confounds of electrical stimulation, such as activa-
tion of fibers en passage or backfiring, we used specific opto-
genetic activation of BLA neurons to ask which mpITCs receive
BLA inputs (Figure 8A). We locally co-injected retrobeads and
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Figure 6. mpITCs Project to and Make Sym-
metric Synapses in the BLA
(A) Confocal image of a biocytin-filled mpITC.
Scale bar represents 30 mm.
(B) Reconstruction of cell in (A) revealing axonal
branches in BLA. Scale bar represents 200 mm,
soma and dendrites in red, axon in blue.
(C) Axonal quantification of six BLA-projecting
mpITCs. IMC (intermediate capsule): 29.4% ±
10.1%, BLA: 54.9% ± 12.4%, Astr (amygdala
striatal transition zone): 5.6% ± 2.7%, CeA (central
amygdala): 8.6% ± 5.0%, EXC (external capsule):
0.8% ± 0.8%, EPC (endopiriform cortex): 0.4% ±
0.4%. Axonal length in BLA was larger than in all
other regions (p% 0.001) except for IMC.
(D) Confocal image of axonal branch (red) in the
BLA. BLA PNs are stained for CaMKIIa (blue),
interneurons shown in green (GFP). Scale bar
represents 10 mm.
(E) Electron micrograph of a filled mpITC axon (a)
with a bouton (t) making a symmetrical synapse
(arrow) onto a small caliber dendrite (d) in BLA.
Scale bar represents 0.5 mm.
(F) Target dendrite diameter for symmetrical syn-
apses made by three mpITCs in BLA.
(G) Confocal section through the medial para-
capsular cluster with mpITCs (green, GFP) and
BLA-projecting cells labeled with red retrobeads
(arrows). Scale bar represents 30 mm.
(H) 3D reconstruction of the cluster with distribution
of BLA-projecting cells, retrobead-labeled cells in
red. Scale bar represents 30 mm.
(I) Quantification of BLA-projecting cells in different
ITC clusters (three hemispheres, two animals,
ANOVA p = 0.82). mpITC, medial paracapsular
clusters 13.9% ± 4.3% (n = 7); lpITCs, lateral par-
acapsular clusters 10.8% ± 3.1% (n = 4); mITCs:
main clusters 11.1% ± 1.6% (n = 4).ChR2-expressing virus in the BLA and recorded from retro-
bead-labeled and unlabeled mpITCs (Figures 8B–8E and
S8A). Indeed, light stimulation evoked monosynaptic EPSCs
in both retrobead-labeled BLA-projecting and unlabeled
mpITCs (Figure 8E). When revealing the morphology of
recorded mpITCs, we observed axonal boutons from BLA
projection neurons in close apposition to mpITC spine heads
(Figure 8C). Furthermore, axons of mpITCs that were driven
by BLA-inputs projected back to the BLA (Figures S8B–S8D).
In summary, our results demonstrate that BLA PNs, and not
other fibers en passage, functionally innervate mpITCs and
demonstrate that BLA-projecting mpITCs provide BLA-driven
feedback inhibition to the BLA.
DISCUSSION
Here, we reveal a novel parallel circuit in the amygdala that
directly relays sensory information to neurons in the mpITC clus-
ter, which in turn send inhibitory projections to BLA. Sensory in-
puts to mpITCs arise from thalamic and cortical areas that
convey CS- and US-related excitation to LA neurons during
fear conditioning. These inputs undergo fear-related changes
and are dynamically modulated by presynaptic GABAB heterore-
ceptors. MpITCs projecting to BLA efficiently control BLA PNoutput and are reciprocally connected with them. In conclusion,
mpITCs are part of sensory-driven feedforward and feedback
inhibitory circuits to BLA PNs (Figure 8F).
The LA receives CS and US inputs via specific thalamic and
cortical regions, required for CS-US association during fear
conditioning (Romanski et al., 1993; Romanski and LeDoux,
1992; Shi and Davis, 1999). We demonstrate that the same in-
puts also innervate mpITCs providing them with direct sensory
information. Especially BLA-projecting mpITCs constitute a
parallel feed-forward inhibitory pathway with distinct properties
compared with local interneurons. Transmission onto mpITCs
is mediated by AMPA and NMDA receptors and is modulated
by presynaptic GABAB receptors, whereas a fraction of local
LA interneurons express functional NMDA receptors (Polepalli
et al., 2010; Szinyei et al., 2003), and presynaptic control by
GABAB receptors is not recruited by physiological stimuli (Pan
et al., 2009). Thus, sensory inputs onto mpITCs are endowed
with unique properties to dynamically adjust their strength during
stimulus processing or associations. Furthermore, inputmodula-
tion rather than GABAergic interconnectivity (Geracitano et al.,
2007; Royer et al., 2000) determined mpITC output efficacy.
During conditioning, this could reduce mpITC-driven feedfor-
ward inhibition in a state-dependent manner to gate plasticity
in target cells (Figure 8G, left).Neuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc. 549
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Figure 7. Activation ofmpITCs Elicits Inhibi-
tion that Controls Spike Output of BLA PNs
(A) Strategy for specific light activation of mpITCs
by conditional expression of ChR2-YFP in Tac2-
Cre mice.
(B) Confocal image of a slice used for recording,
confirming ChR2-YFP expression in mpITCs co-
labeled with the marker FOXP2 (red). Scale bar
represents 10 mm.
(C) (Top) IPSCs recorded at different holding po-
tentials in a BLA PN. Scale bars represent 30 pA,
50 ms. Average IPSC reversal potential (Erev =
45.6 ± 4.5mV, n = 7). (Bottom) IPSC (Vh = 0mV) in
a BLA PNwas blocked by Picrotoxin (100 mM). Bar
graphs of IPSC data (n = 13), latency: 2.69 ±
0.49 ms, amplitude (Vh = 0 mV): 40.2 ± 6.1 pA.
(D) Strategy to assess the effect of light activation
of mpITCs on thalamic EPSPs and spike output in
BLA PNs.
(E) (Bottom) mpITC-evoked IPSP (light blue). (Top)
Thalamic-evoked EPSP (black) and its reduction
when preceded by 5 ms light activation of mpITCs
(dark blue). Scale bars represent 1 mV, 60 ms.
(F) mpITC activation reduced EPSP size and
spike probability (percentage of control): EPSP
amplitude (91.2% ± 2.4%, p < 0.001), thalamic-
evoked spike probability (60.2% ± 11.2%, p =
0.005), and somatic-evoked spike probability
(64.0% ± 11.2%, p = 0.01).
(G and H) Spike raster plots and example traces
showing reduction in spike number when thalamic
stimulation (G) or somatic current injection (H)
was given without (black) or preceded by 5 ms
light activation of mpITCs (dark blue). Scale bars
represent 20 mV, 10 ms. Neurons were held
at 70 mV, interstimulus intervals (ISIs) were 10
and 5 s for synaptic and somatic stimulation,
respectively. Scale bars represent 20 mV, 5 ms.Synaptic plasticity of sensory inputs onto local GABAergic
neurons in LA (Bauer and LeDoux, 2004; Mahanty and Sah,
1998; Polepalli et al., 2010) and CeA (Samson and Pare´, 2005)
has been demonstrated in slices, but has not been linked to
behaviorally driven plasticity. On the other hand, inputs along
the serial processing stream, i.e., intra-amygdala inputs from
LA onto a population of somatostatin-positive CeL cells (Li
et al., 2013; Penzo et al., 2014) or BLA inputs onto ventral and
dorsal mpITCs (Amano et al., 2010; Huang et al., 2014) undergo
plasticity related to fear or extinction learning. Here, we report
ex vivo changes pointing to an association-specific concerted
decrease in sensory input strength onto mpITCs by presynaptic
and postsynaptic alterations in thalamic AMPA/NMDA ratio upon
fear retrieval. Initial changes in cortical AMPA/NMDA ratio may
be driven by the CS and related to lasting changes in ITC firing
in response to auditory stimuli in vivo (Collins and Pare´, 1999). Al-
terations in AMPA/NMDA ratio can most easily be explained by
removal and addition of synaptic AMPA-Rs (Kessels and Mali-
now, 2009). While the decrease in release probability outlasts
extinction training, postsynaptic changes are partially reversed.
Although still correlative and calling for further mechanistic in-
vestigations, our findings suggest a role of sensory input plas-
ticity onto mpITCs particularly in fear learning. Given the recent550 Neuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc.finding that BLA inputs to mpITCs are enhanced following fear
retrieval, and reversed upon extinction (Huang et al., 2014), a
key question is how the temporal sequence and balance be-
tween these inputs dynamically shapes mpITC output to control
fear. Based on our data, we propose amodel in which during fear
learning, mpITC-mediated sensory-driven feedforward inhibition
is decreased to facilitate local plasticity, possibly in BLA, CeL,
and mpITC cells at the same time. This in turn results in subse-
quent recruitment of mpITCs via enhanced inputs from activated
LA neurons and regulates other downstream target cells that
promote fear expression (Figure 8G, left). During fear retrieval,
CS presentations would result first via decreased sensory inputs
and then via increased LA inputs in disinhibition of fear-promot-
ing and inhibition of fear-suppressing mpITC targets (Figure 8G,
right). Together, opposing plasticity of sensory and LA inputs
may alter the balance of target cell recruitment via feedforward
and feedback inhibition.
The finding of BLA-projecting cells further expands the
complexity of mpITC projections (Amir et al., 2011; Busti et al.,
2011). Despite the limitation of incomplete axonal sampling in
brain slices, the observed innervation pattern implies that the
BLA is a principal target. Only full reconstructions of axons
from in vivo filled mpITCs (compare Bienvenu et al., 2012) will
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Figure 8. mpITCs Provide Feedback Inhibi-
tion to BLA PNs
(A) Strategy for assessing inputs from ChR2-
expressing BLA neurons onto retrobead-labeled
and unlabeled mpITCs.
(B) Viral injection site in BLA with a recorded
mpITC. Scale bar represents 250 mm.
(C) ChR2-tDimer-expressing BLA axons in mpITC
cluster and adjacent CeA and filled mpITC from
(B). Scale bar represents 30 mm. (Insert) Labeled
BLA axons in close apposition to dendrite of filled
mpITC.
(D) Co-injection of ChR2-tDimer and green retro-
beads in the BLA. Scale bar represents 250 mm.
(E) Optogenetic activation of BLA neurons elicited
EPSCs in BLA-projecting mpITCs. (Top) EPSC
(Vh =70 mV) that was blocked by NBQX (10 mM).
Scale bars represent 25 pA, 25 ms. (Bottom) Non-
labeled (nRB, n = 7) and retrobead-labeled (RB,
n = 6) mpITCs received EPSCs with similar prop-
erties. Latency: nRB 2.77 ± 0.28 ms, RB 2.93 ±
0.34 ms (p = 0.52). EPSC amplitude: nRB, 50.0 ±
11.1 pA, RB 49.5 ± 10.4 pA (p = 0.94). PPR (at
50 ms): nRB 0.55 ± 0.22, RB 0.55 ± 0.10 (p = 0.91).
(F and G) Summary and model of circuit changes.
(F) Novel circuit elements (*) revealed in this study.
Excitatory sensory inputs target mpITC dendrites
and are regulated by GABAB heteroreceptors. A
subset of mpITCs innervates LA and BA PNs with
inhibitory synapses mainly onto dendrites. BLA-
projecting mpITCs are reciprocally connected to
BLA projection neurons. (G) Stimulus association
during conditioning decreases sensory inputs
to mpITCs (black and gray downward arrows),
which results in reduced feedforward inhibition
onto mpITC targets (green downward arrows).
This disinhibition could promote plasticity (i.e.,
at sensory inputs to LA PNs, upward arrows),
thereby increasing output of fear-promoting cells
(upward arrows). During fear retrieval, CS pre-
sentations drive fear output via decreased sensory
input strength (thin lines) and disinhibition of fear-
promoting (1) and then via increased LA inputs
and inhibition of fear-suppressing mpITC targets
(2). Sensory inputs to LA cells are potentiated
(thick lines).ultimately resolve this issue. Using complimentary approaches,
we demonstrate that this subset of mpITCs provides functional
inhibition to BLA PNs, a role previously ascribed only to lateral
paracapsular ITCs and local interneurons (Ehrlich et al., 2009;
Marowsky et al., 2005; Morozov et al., 2011). Most importantly,
specific optogenetic activation of mpITCs reliably evoked inhib-
itory responses in BLA PNs. The prominent innervation of small
to medium caliber dendrites and the ability to shape excitatory
thalamic inputs is in line with a role for mpITCs in excitatory input
compartmentalization and/or regulation of plasticity in dendrites
(Bar-Ilan et al., 2012; Bienvenu et al., 2012; Chiu et al., 2013). The
sparser somatic innervation likely contributed to suppression of
somatically evoked spikes and suggests that mpITCs control
BLA PN output by a combined action on distal dendrites and
somata. Thus, mpITCs could act together with dendrite targeting
and other interneurons that target dendritic and somatic do-
mains (Capogna, 2014; Wolff et al., 2014).In current models of amygdala function, mpITCs were thought
to mainly act as inhibitory interface between BLA and CeA and a
relay of feedforward inhibition from the IL-mPFC to CeA to sup-
press fear during extinction retrieval (Cho et al., 2013; Duvarci
and Pare, 2014; Pape and Pare, 2010; Sierra-Mercado et al.,
2011). Our findings define an additional role of mpITCs in fear cir-
cuits and fear learning.We propose that these pathways function
in parallel and conjunction with known connectivity and plasticity
mechanisms. Our observations on sensory input plasticity and
our model are in line with an upregulation of the activity and plas-
ticity marker zif in dorsal mpITCs upon fear learning (Busti et al.,
2011). While mPFC inputs onto dorsal and ventral mpITCs
were not altered by fear or extinction learning, our data suggest
that mPFC activity could drive coordinated inhibition onto
neurons in BLA and CeA to suppress fear output, especially
when mPFC excitatory inputs to BLA are depressed (Cho
et al., 2013). Furthermore, sensory and other excitatory inputs,Neuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc. 551
including those frommPFC, could cooperatively control the level
of feedforward inhibition.
Our data are in line with the emerging view of parallel process-
ing of sensory information and distributed plasticity within
the amygdala (Balleine and Killcross, 2006; Ehrlich et al., 2009;
Maren, 2005; Moscarello and LeDoux, 2013). It is intriguing to
speculate that fear-related plasticity in connections between LA
and CeL cells (Li et al., 2013; Penzo et al., 2014) is promoted by
mpITC disinhibition when their sensory inputs are decreased. In
contrast, increased LA input to mpITCs might drive fear expres-
sionbydisinhibitingCeMviaCeLOFF cells (Busti et al., 2011;Cioc-
chi et al., 2010; Haubensak et al., 2010; Huang et al., 2014). The
same holds for the BLA, where cells with different response
profiles and functions in high and low fear states exist (Amano
et al., 2011; Herry et al., 2008; Repa et al., 2001; Senn et al.,
2014). Thus, changes in stimulus-evoked mpITC inhibition could
contribute to behaviorally state-dependent changes in activity of
fear or extinction cells, or specific projection neurons in the BA.
Given the potential parallels, a crucial question relates to the
distinct function of the mpITC inhibitory circuit versus that of
specific local interneurons in amygdala-dependent behaviors.
To address this, tools allowing for in vivo manipulation of defined
clusters and ITC projection types need to be developed. Even for
themore intensely investigatedBLA interneurons, only recently, a
first study started to shed light on subtype-specific functions
in awake behaving animals (Wolff et al., 2014).
In conclusion, our findings reveal novel wiring and function of
mpITCs that significantly extend our view on parallel inhibitory
and disinhibitory processes in amygdala circuits. They also sup-
port the idea that a reciprocal interaction between mpITCs
and BLA projection neurons may be part of a sensory feedback
circuit engaged in time- and stimulus strength-dependent regu-
lation of fear expression.
EXPERIMENTAL PROCEDURES
More details are available in Supplemental Information.
Animals and Behavioral Procedures
We used young adult male GAD67–GFP (Tamamaki et al., 2003) or Tac2-Cre
transgenic mice (B6.129-Tac2<tm1.1(cre)Qima>/J; Jackson #18938). All pro-
cedures were approved by the Veterinary Department of the Canton of Basel-
Stadt or the Regierungspraesidium Tuebingen. Mice were conditioned by five
pairings of CS (30-s tone) and US (1-s mild footshock). The conditioning
context differed from the extinction context. Extinction training was performed
over 2 days with 16 CSs presented each day.
Slice Recordings
Coronal brain slices (320 mm) were prepared according to Hu¨bner et al. (2014).
Patch-clamp recordings were performed in artificial cerebrospinal fluid (ACSF)
at 30C. For recording postsynaptic currents, we used Cs-methylsulphonate-
based pipette solution, and for postsynaptic potentials and spikes, we used
a K-gluconate-based solution. In most whole-cell recordings, biocytin was
included in the pipette. For cell-attached recordings, pipettes were filled
with ACSF. Data were acquired with a Multiclamp 700B amplifier, Digidata
1440, and Clampex software. Signals were filtered at 2 and digitized at 5
kHz for synaptic currents and filtered at 6 and digitized at 20 kHz for spike
recordings. Data were excluded if series resistance changed >20%. EPSCs
were evoked by bipolar tungsten electrodes (Science Products) or with 470-
nm light pulses (0.2–4 ms, 0.51–1.06 mW/mm2) from a light-emitting diode
(CoolLed) through the 603 1.0 NA objective of an upright microscope552 Neuron 86, 541–554, April 22, 2015 ª2015 Elsevier Inc.(BX51; Olympus). Local stimulation was performed with a restricted aperture
(80 mm diameter illumination spot). Data were analyzed with NeuroMatic
(http://www.neuromatic.thinkrandom.com) and custom-written macros in
IgorPro (Wavemetrics).
Staining, Axonal Reconstructions, and Electron Microscopy
Slices were fixed in 4% paraformaldehyde (PFA), 15% saturated picric acid
solution, and 0.05% glutaraldehyde in PBS for 24 hr at 4C, resectioned at
70 mm, and processed as described (Busti et al., 2011) with minor modifica-
tions. Biocytin was revealed using fluorescently conjugated Streptavidin.
Immunostainings were performed by standard procedures; antibodies are
listed in the Supplemental Information. Fluorescent sections were imaged
using a laser-scanningmicroscope (LSM 710; Carl Zeiss). For reconstructions,
sections were converted using the ABC Elite kit (Vector Laboratories) and
Nickel-DAB as chromogen. Camera lucida drawings were performed on a
Diaplan Microscope (Leitz Wetzlar) with a 403 0.8 NA objective, digitized,
imported, and analyzed in ImageJ (NIH).
Sections of BLA-projecting cells were permeabilized by freeze-thaw cycles
after cryoprotection with 20% sucrose. Biocytin-filled axons were revealed
with the ABC Elite kit (Vector Laboratories) and nickel-DAB. Contrast was
enhanced using 2% osmium tetroxide (Agar Scientific) and 1% uranyl acetate
(Agar Scientific) in 50% ethanol. Serial ultrathin sections (70 nm) were made
from resin-embedded regions of interest, collected on Formvar-coated copper
slot grids, and imaged on a Philips CM 120 electronmicroscope equippedwith
a Morada CCD TEM camera (Soft Imaging System).
Stereotactic Injections and Analysis of Injection Sites and
Labeled Cells
GAD67-GFPmice were stereotaxically injected at the following coordinates (in
mm frombregma):MGm/PIN: posterior3.0, lateral ±1.8, ventral 3.8; temporal
cortex: posterior4.3, lateral ±4.6, ventral 3.5. For tracing, we injected 0.5 ml of
10% Fluoro-ruby (Invitrogen). For light activation, we injected 0.5 ml of rAAV-
CAG-ChR2(ET/TC)-tDimer or rAAV-CAG-hChR2(H134R)-mCherry (Penn
Vector Core) and prepared slices after 4 weeks. To reveal and light-activate
connected mpITCs and BLA neurons, we injected 0.25 ml retrobeads (Luma-
fluor), co-injected 0.5 ml retrobeads and rAAV-CAG-hChR2(H134R)-mCherry,
or injected only rAAV-syn-hChR2(H134R)-YFP in the BLA at posterior 1.65,
lateral ±3.4, and ventral 4.8. To target mpITCs, Tac2-Cre mice were injected
with 0.5 ml of rAAV-EF1a-DIO-hChR2(H134R)-YFP at posterior 1.45,
lateral ±3.35, and ventral 4.75. Slices were obtained after 2 to 3 weeks.
For injections inPIN/MGmandTeA, brain slices caudal to amygdalawereob-
tained and fixed in 4% PFA. For BLA injections, acute slices were fixed after
recording. For tracing with Fluoro-ruby or retrobeads, 70 mm sections from
perfusion-fixed brains were used. Injection sites were imaged on a fluores-
cence (Axio Imager, Carl Zeiss) or a laser-scanningmicroscope. To identify ret-
robead-labeled ITCs, z stacks of ITC clusters were obtained with a 633 1.4 NA
objective and the pinhole set to 1 airy unit. Single and double-labeled cells were
identified using automatic spot detection routines in Imaris (Bitplane).
Statistics
Data are presented as mean ± SEM. All statistical analyses were performed
using SPSS (IBM); tests and results are detailed in Table S2. Data were
considered significant if p < 0.05. Significance levels are denoted as follows:
*p < 0.05, **p < 0.01, ***p < 0.001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
eight figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.neuron.2015.03.008.
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